Abstract In Vietnam, culturing striped catfish makes an important contribution to the Mekong Delta's economy. Water level rise during rainy season and salt intrusion during dry season affect the water exchange and quality for this culture. Sea level rise as a consequence of climate change will worsen these influences. In this study, water level rise and salt water intrusion for three sea level rise (SLR) scenarios (i.e., ?30, ?50, and ?75 cm) were simulated. The results showed that at SLR ?50, the 3-m-flood level would spread downstream and threaten farms located in AnGiang, DongThap and CanTho provinces. Rising salinity levels for SLR ?75 would reduce the window appropriate for the culture in SocTrang and BenTre provinces, and in TienGiang's coastal districts. Next to increasing dikes to reduce the impacts, the most tenable and least disruptive option to the farming community would be to shift to a salinity tolerant strain of catfish.
INTRODUCTION
Striped catfish (Pangasianodon hypophthalmus Sauvage) farming in the Mekong Delta ( Fig. 1) accounts for approximately 60 % of Vietnam's overall aquaculture production (Anonymus 2011) . Processed catfish, mainly in the form of filet, was exported to over 100 countries and was valued at 1.4 billion US$ in 2010 (De Silva and Nguyen 2011) . The sector provides employment for more than 170 000 workers (De Silva et al. 2010 ) and includes both small-scale farmer managed holdings that deliver their produce to processing companies, and fully integrated companies which own feed-mills, ponds, and processing facilities.
Farming of catfish started with Pangasius bocourti in cages in the two main branches of the Mekong, Tien and Hau, or its tributaries. The culture gradually moved to ponds after artificial propagation of striped catfish was developed (Phan et al. 2009; Bui et al. 2013) . These ponds are deep, enabling yields of 200-400 t ha -1 crop -1 (Phan et al. 2009 ), and cover approximately 6200 ha in total (Bosma et al. 2009 ). To obtain the desired white filet color catfish farming requires regular water exchange. To meet the large volume of water that is required to be exchanged on a very regular basis (Phan et al. 2009 ) and to reduce costs associated with this exchange (i.e., pumping), most catfish farms are located along the Tien and Hau river branches (c.f. Fig. 1 ).
These rivers have a relatively high tidal range, though their hydrological regime is affected by tidal and river discharge, depending on the season (Wassmann et al. 2004) . The floods from the rainy season (May-November), and the salt intrusion from the dry season (March-April) are important criteria of suitable locations for striped catfish farming. In particular, salinity concentrations higher than 4 % are deemed unsuitable for striped catfish farming (Department of Aquaculture 2008; De Silva and Nguyen 2011) . Besides the seasonal impact on hydrological regimes, the projected impacts of climate change should be considered. The projected sea level rise of about 1 cm year -1 until 2100 (Grinsted et al. 2009 ) and the simultaneous reduction in river flow cause an upstream increase in saline water intrusion during the dry season and flooding during the wet season (DFID 2007) .
Considering all sea level rise impact indicators, Vietnam has been ranked among the top five countries most affected by rising sea levels (Dasgupta et al. 2007 ). Vietnam's Ministry of Natural Resources and Environment (MONRE 2009 ) computed the country's sea level rise scenarios by using the IPCC SRES projections (Nakicenovic et al. 2000) . MONRE (2009) argued that the lowest B1 scenario is very unlikely, since conflicting views on climate change mitigation between various countries will hamper the stabilization of greenhouse gas concentrations. On the other hand, with the world's campaign in ''combatting climate change,'' MONRE expects that the highest scenario (A2) will not happen either. They expect a sea level rise of 30 cm in 2050, 46 cm in 2070, and 75 cm in 2100, using scenario B2.
Prior to MONRE's sea level rise projections, researchers have already worked on climate change-related studies. To assess sea level rise and salinity intrusion in the Mekong Delta, researchers have begun using hydrological models and GIS data since the start of this century. Specifically, the VRSAP model was used by Wassmann et al. (2004) to map the vulnerable rice production areas and by Nguyen and Savenije (2006) to predict the salinity distribution in the Mekong river branches using topography, tide, and river discharge data. Hoa et al. (2007 Hoa et al. ( , 2008 used an integrated hydraulic model, HydroGis, in tracking the impact of sea level rise and flooding in general. Khang et al. (2008) simulated changes in water flow and salinity intrusion for two sea level rise scenarios (?20 and ?45 cm) by using the MIKE11 model and a GIS.
However, no studies have yet examined the impact of sea level rise on the striped catfish farming areas in the Mekong Delta (Fig. 1) . The vulnerability of Pangasius farming has two aspects: (1) the exposure to and sensitivity for climate change impacts and (2) the perception of risk and possibilities for its mitigation. A later paper will focus on the second aspect. The present study focuses mainly on the exposure and sensitivity. Thereto salinity intrusion predictions and water levels are combined with the current locations of striped catfish farming in the Mekong Delta, to estimate the potential impact of different sea level rises (i.e., ?30, ?50, and ?75 cm) on these striped catfish farming areas.
MATERIALS AND METHODS
This study mapped the catfish farms in the Mekong delta for 2009. We assessed the impacts of water level and salinity intrusion along the Tien and Hau branches of the Mekong river in time and space by applying model-based scenarios for sea level rise and reduced river flow (e.g., Alcamo et al. 1998; Wassmann et al. 2004; Hoa et al. 2007 Hoa et al. , 2008 Khang et al. 2008 ).
The Model Setup
The river flow and salinity intrusion in the two branches of Mekong river were simulated by using the MIKE 11 model, which was developed by the Danish Hydraulic Institute (DHI 2003) . Two modules of MIKE 11 were applied: (a) the hydrodynamic module for flow simulation, and (b) the advection-dispersion module for salt expansion. The model used data on water level, rainfall, and salinity from 24 hydrometeorological stations (i.e., Kratie, PhnomPenh, Tonle Sap, Tan Chau, Chau Doc, Long Xuyen, Ha Tien, Rach Gia, Ca Mau, Ganh Hao, Bac Lieu, Soc Trang, Can Tho, Tra Vinh, My Tho, Vinh Long, Cao Lanh, Sa Dec, My Thuan, Ben Tre, Tan An, Moc Hoa, and Tan Son Nhat) and considered boundaries for 68 downstream-end data of tidal water level and salinity, and seven upstream discharge boundaries with updated data of water discharge.
The input data for the model comprised the boundaries, as well as databases on hydrological and meteorological conditions. The hydraulic data included the hydrology of the Mekong river downstream from the Kratie boundary, including the land levels above sea and the hydraulic elements of rivers and canals system in 2005. The model also included irrigation and water control sluice systems.
Model Calibration
To calibrate the two modules of the original MIKE 11 model, we compared the projected change and the actual water level and salinity intrusion for the year 2005 (see ''Comparison of Maps'' section). The data on tidal boundaries for calibration were provided by the Southern Center for Hydro-meteorological Forecasting. The flood data at the Kratie main discharge station were obtained from the Mekong River Commission. The data on water levels, water discharge, and salinity of 2005 were obtained from the Hydro-meteorological Survey Mission for the Mekong delta. Subsequently, the best fit values between simulated and observed parameters were used for scenario predictions.
The calibration process of the hydrodynamic module was performed by adjusting model parameters such as the initial water level in rivers and canals together with Manning coefficients of canal and river segments (Wassmann et al. 2004; Khang et al. 2008) . Figure 2 shows the comparison between the computed and observed water level and water discharge at Tan Chau and Vam Nao (in upstream part of the delta) and Tan An (in the coastal part) (c.f. Fig. 1 ). The model accurately simulated the observed data both for water level and water discharge.
The calibration process for the advection-dispersion module was carried out by adjusting the initial salinity concentration and dispersion coefficient for several segments of rivers and canals. This process was more complicated compared to the calibration of the hydrodynamic module, because the saline water spreads under influence of the density of the water network with its dams and sluices, and of the dispersion coefficient which depends on flow velocity and also on wind conditions (Khang et al. 2008) . Table 1 and Fig. 3 illustrate the results of model calibration for salinity intrusion compared with observed data at some stations in the coastal part of the Mekong delta. The result predicts the trend of salinity variation with an acceptable accuracy. Thus, the parameters computed after the calibration could be used for the scenarios modeling.
Comparison of Maps
Water level and salinity intrusion were projected based on separated baseline maps. We chose the data of serious events of flood and drought in recent year as baseline data according to the highlights of the Mekong River Commission (MRC 2012) in order to map the maximum potential impact of sea level rise scenarios. Thus, water level was projected based on the water level map of the year 2000, as this was characterized by extreme flooding, both in duration and depth, across the Cambodian lowlands and the Mekong Delta (MRC 2012). The salinity intrusion was projected based on the salinity map of 2005 when the drought was severe in all four riparian countries, especially in the Mekong Delta, where low stream flows allowed ocean salinity to penetrate further upstream then normal (MRC 2012) . The salinity levels were mapped by using four categories: \slightly saline 4 %, slightly to moderately saline 4-10 %, moderately to highly saline 10-20 %, and highly saline[20 %. The maps of water level and salinity intrusion resulting from the different sea level rise (SLR) scenarios (SLR ?30 cm, SLR ?50 cm, and SLR ?75 cm) were compared with those of the baseline map to estimate the impacted area. The current striped catfish farming map was overlaid by the contour line of increased water level and salinity by the GIS software MAPinfo Ò to determine the striped catfish farming locations at risk in the future.
RESULTS

Saltwater Intrusion According to the SLR Scenarios
The area affected by intrusion of low level salinity (i.e., \4 %) is currently 4780 km 2 and expands to 1660, 2670, and 3310 km 2 for SLR ?30 cm, SLR ?50 cm, and SLR ?75 cm, respectively (Fig. 4) . The saltwater intrudes into the non-coastal provinces starting with the SLR ?30 cm scenario. However, the expansion of the area affected by salinity levels above 4 % is smaller: 345 km 2 for the scenario SLR ?30; 425 km 2 for SLR ?50 cm, and 920 km 2 for SLR ?75 cm (Table 2) . Thus, the 4 % level expands less, while sea level rises from SLR ?30 cm to SLR ?50 cm.
In some upstream areas, at a specific SLR, the fresh water from the river pushed by sea water is transferred to low-lying areas located inland such as Quan Lo-Phung Hiep. In such areas, the salinity levels will be decreasing instead of increasing (Table 2, 10-20 and [20 %) .
Due to seasonal variation in river discharge, the effect on salinity levels is lower during the SW monsoon, which is the flood season, running from May to October. Salinity levels rise from January to April (Fig. 5) . At present, the saline front of 4 % shifts inward 29 and 32 km in Hau river by end of March and April, respectively. For the SLR ?50 cm scenario, the saline front of 4 % in Hau river will reach 10 km inland from the sea in January then extend up to 24 km in February, 35 km in March, and 38 km in April. For the SLR ?30 cm scenario, the central part of Soc Trang and the coast lines of Ben Tre will be affected by the intrusion of salinity concentration of 4 %.
Water Level According to the SLR Scenarios
The water level in the Mekong delta will be affected by changes in tides and floods as a consequence of climate change. The simulated peak water levels at various stations will increase when sea level rises (Table 3 ). In the coastal provinces, floods are projected to arrive earlier and persist longer than at present. This early high flood may reduce the window for risk-free farming of striped catfish in Soc Trang, Tra Vinh, Ben Tre, and coastal districts of Tien Giang. Inundation areas will also increase in the SLR ?30 cm and SLR ?75 cm scenarios (Fig. 6) . As SLR increases from ?50 to ?75 cm, the higher flood level will cause flooding in a much larger area of the Mekong Delta for the upstream provinces of An Giang, Dong Thap, and Can Tho.
Area of Striped Catfish Farming at Risk
When the salinity map is overlaid on the map of striped catfish farm locations of 2009 for Ben Tre, Tra Vinh, and Soc Trang provinces, it is shown that the effect on the farms is local (Fig. 5) . In Tra Vinh, the location in the southwestern area is projected to suffer, while the conditions for farms in the northeast will not change significantly. In Ben Tre, most farms deal already with 4 % salinity levels but periods subjected to this salinity may become longer and farms located further upstream (i.e., to the west) may also have to deal with it. In Soc Trang, all farms already have to deal with these prolonged periods. Overlay of the contour map of water level on the map of 2009 striped catfish farm locations shows that all striped catfish farms have to deal with a 2-m-flood level for the SLR ?50 cm scenario (Fig. 6 ). Added to these already affected farms at present are those located downstream in the province Can Tho, Tien Giang, and Vinh Long, and all farms in Ben Tre, Soc Trang, and Tra Vinh. The number of extra farms to be affected in SLR ?75 cm, however, is not large.
DISCUSSION
One of the limitations of our study is the use of current topographical data for projecting the salinity intrusion due to sea level rise scenarios. Nguyen and Savenije (2006) pointed that the high sediment transport capacity of the Mekong river and the lack of updated topographical data will affect the results of salinity models like ours. In addition, topographical changes are very difficult to predict given that future infrastructure changes are likely to influence water discharge and drainage. Hoa et al. (2007) predicted that ''The future flood control works planned to be completed by 2010 will cause an increase in runoff peaks and prolong the duration of the flood recession. '' In general, the present study confirms that three sea level rise scenarios will lead to an increase of the water level in the rainy season and to an expanded salinity intrusion in the dry season both at spatial and temporal scales in the Mekong Delta, Vietnam, thus increasing the vulnerability of the delta area to climate changes (Wassmann et al. 2004; Khang et al. 2008; Hoa et al. 2008) . Syvitski et al. (2009) presented an assessment of 33 densely populated and heavily farmed deltas globally and estimated the delta areas vulnerable to flooding could increase by 50 % by sea level rise in the twenty-first century. The Mekong Delta is particularly at risk because of its large surface area below mean sea level, its limited coastal barrier protection(s), and because the rates of global sea level rise are enforced by reduced sediment depositions (due to upstream dams and downstream flood protection dykes) plus an accelerated soil subsidence (Syvitski et al. 2009 ). However, a direct comparison of the present findings with others is not an easy task. We used 4 % as the threshold value to accept the impact of salinity intrusion to striped catfish farming, whereas earlier research (Khang et al. 2008 ) predicted this impact on rice production with a threshold of 2.5 %. Wassmann et al. (2004) predicted an average water level rise at the peak of flood season (October) of 11.9 cm (SLR ?20) and 27.4 cm (SLR ?45) which compares reasonable to our results of 17 cm (SLR ?30) and 28.3 cm (SLR ?50), respectively.
The main stream of the lower Mekong River (running through Cambodia, Lao PDR, Thailand and Vietnam) has currently no dams. Plans to do so in the future have provoked controversy and public debate (see Kummu and Sarkkula 2008; Dugan et al. 2010; Keskinen et al. 2012 , among others). Li and He (2008) stated that ''the downstream effects of the present dams on water levels are very limited at the annual mean and wet season mean levels.' ' Delgado et al. (2010) and MRC (2012) concluded that dam construction had little impact on downstream flood levels in the last two decades of twentieth century. Wassmann et al. (2004) pointed out that the effect of hydro-dams or reservoirs was insignificant due to the regulation of the Tonle Sap lake in Cambodia and the strong tidal effect from the seas. However, the construction of additional dams will likely affect the water level and the drainage behavior of Tonle Sap, and will increase the possibility of dam ruptures causing floods (MRC 2012) . Thus, the hydrological regime of the lower reaches of the Mekong river will rely on the regulatory capacity of Tonle Sap.
De Silva and Soto (2009) predicted that aquaculture activities occurring in deltaic areas of major rivers in Asia, South America, and the Caribbean will encounter saline water intrusion caused by climate change. In the Mekong Delta, striped catfish farms of coastal provinces (Tien Giang, Ben Tre, Tra Vinh, and Soc Trang) cover approximate 864 ha with a production of 190 000 tonnes, which accounts for 26 % of the total catfish farming area in the Delta and contributed 20 % to the striped catfish production in 2013 (Directorate of Fisheries 2013). These farms experience currently minor salinity variations depending on tidal amplitude (De Silva and Nguyen 2011) . Farmers do not stock fingerlings in months with high salinity, and thus their window for farming is reduced. Pham et al. (2009) demonstrated that the annual yield from catfish farms located in the lower reaches of the Mekong River branches is significantly lower, and suggested that the lowered yields could be a result of the diurnal fluctuations in the salinity. Yet, already in 2011, the increased salt water intrusion in Ben Tre province, resulting in salinities up to 15 %, has resulted in increased mortality and in reduced growth rates, compared to those in 2010 (Ben Tre DARD, 2012) . For the worst case SLR ?75 cm scenario, this area will expand further and affect also Soc Trang province and Tien Giang province's coastal districts.
The above analysis shows that the risk from saltwater intrusion reduces the suitable area for catfish farming in the coastal provinces of the Mekong delta, from January to April. Therefore, to produce two crops in a year, farmers must either invest in water recirculation technologies to raise fingerling and reduce grow-out in ponds to three months, or raise other species. A shift to farming other species will need capacity building among rural farming communities, and even changes in infrastructure, in particular that of ponds. In catfish farming a water depth of 4.0-4.5 m is preferred, but such deep ponds are unsuitable for other commonly farmed, salinity tolerant species such as Asian sea bass or even shrimp. Altering the pond structure is likely to be very costly.
De Silva and Soto (2009) suggested that an alternative solution to the problem may lie in the development of a salinity tolerant strain of striped catfish. This strategy was further elaborated by De Silva and Nguyen (2011) suggesting that the use of genomic selection technology would help to speed up the process by improving accuracies of selection (Meuwissen et al. 2001 ). This technology, widely applied in livestock and crop selection (Goddard and Hayes 2009) , was recently attempted in aquatic species, such as for salmon. Furthermore, De Silva and Nguyen (2011) pointed out the advantages of such a strategy being that it will bring about minimal changes to farming practices and related infrastructure, and will avoid the need to develop fresh market chains. Whether or not it will be cost effective in the long term has to be studied.
Many experimental studies on the salinity tolerance of a number of freshwater fish species have been conducted and comprehensive reviewing this vast literature is challenging because approaches strongly differ. Among catfish species such studies were conducted by Bringolf et al. (2005) , for example, showed that juvenile flathead catfish (Pylodictis olivaris), which could tolerate exposure to brackish water. Its dispersal may not be limited by estuarine salinities. Capps et al. (2011) studied the salinity tolerance of suckermouth armored catfish (Pterygoplichthys Siluriformes Loricariidae) a strictly freshwater fish, of south-eastern Mexico. Their individuals normally maintained in a salinity of 0.2 % were able to survive salinities up to 10 % with little mortality over 10 days. However, few individuals survived salinities up to 11 or 12 % for 20 h, but none survived after few hours in salinities of 16 % and higher.
With respect to striped catfish, several studies have been carried out to test the impact of salinity. Nguyen et al. (2011) studied the effect of salinities of 0, 3, 6, 9, 12, and 15 % on the physiological changes and growth in fish of an average weight of 25 g. The results indicated that culture of striped catfish in salinity of 9 % is possible but the growth was significantly reduced. Do et al. (2012) studied the salinity tolerance of egg and larvae of striped catfish. After being artificially fertilized, the eggs were incubated in salinities of 0, 1, 3, 5, 7, 9, 11, 13, 15, 17 , and 19 %. The results showed that the embryos of striped catfish can develop and hatch in brackish water up to 11 %. These above results can be seen as an initial success encouraging further studies on mitigating measures to adapt to the impact of salinity intrusion caused by climate change, and also indirectly indicate the potential of developing a salinity resistant strain of catfish without sacrificing its growth and overall yield.
In the rainy season, the increased water levels from August to October may affect the farm infrastructures. In all scenarios, the coastal provinces will have to deal with higher water levels. In the SLR ?50 cm scenarios, the water level of 3 m will spread downstream and not only threaten the striped catfish farms located in An Giang and Dong Thap provinces, but also the farms in Can Tho province. Wassmann et al. (2004) predicted that floods will arrive earlier and persist longer than at present and that the inundation area will also increase. To deal with the rising water level, farmers will need to invest more in the pond (or farm protection) dyke to increase its height and to maintain its protected function, and in increased operational cost of water exchange.
CONCLUSION
This study predicted potential impacts of climate change to striped catfish farming, which is the most important aquaculture sector in the Mekong Delta, Vietnam, using scenarios with a sea level rise of, respectively, ?30, ?50, and ?75 cm.
Salinity levels increase from January to April in all scenarios but the affected areas extend most in the ?50 and ?75 cm scenarios. The low level of salinity (\4 %) expands faster than levels above 4 %, which is harmful for grow-out of striped catfish. The number of affected farms in the coastal provinces of Soc Trang, Ben Tre, and Tra Vinh increases not only because of increased salinity intrusion, but also because the period with higher salinity levels will last longer.
Sea level rise will also impede the rivers to discharge their water to the sea. This will lead to longer flood periods and larger inundation areas. The catfish farmers have to increase the height of their pond dykes and invest more in water exchange.
Investment in new striped catfish farms in the coastal provinces of the Mekong delta is not advisable because of these apparent threats. However, our analysis does not specify when the impacts are likely to occur. A more sustainable approach that would minimize dislocation of farmers and ensure the continued usage of the existing facilities might be to breed a strain of catfish that is salinity tolerant, up to about 17-20 %. Such an approach will minimize the changes needed in the value chain of this major food production sector, as compared to investing in water recirculation technologies or shifting to euryhaline species.
